The protein kinase Akt participates in such important functions of endothelial cells as nitric oxide production and angiogenesis, activities that involve changes in cytosolic Ca 2+ concentration. However, it is not known if activation of Akt is itself involved in the regulation of Ca 2+ signals produced in these cells. The objective of this study was to examine if Akt is involved in the regulation of Ca 2+ signaling in endothelial cells. Agonist-stimulated Ca 2+ signals, assessed using fura-2, were compared in porcine aortic endothelial cells under control conditions or conditions in which Akt was blocked either by different inhibitors of phosphatidylinositol 3-kinase (PI3 kinase)/Akt or by transient expression of a dominant-negative form of Akt (dnAkt). We found that the release of intracellular Ca 2+ stores stimulated by bradykinin or thapsigargin is not affected by the PI3 kinase inhibitors LY294002 and wortmannin, or by expression of dnAkt. LY294002 dose-dependently inhibits store-operated Ca 2+ entry, an effect not seen with wortmannin. Expression of dnAkt has no effect on store-operated Ca 2+ entry. We conclude that Akt is not involved in the regulation of agonist-stimulated Ca 2+ signals in endothelial cells. The compound LY294002 inhibits store-operated Ca 2+ entry in these cells by a mechanism independent of PI3 kinase/Akt inhibition. (Mol Cell Biochem 259: [169][170][171][172][173][174][175][176] 2004) 
Introduction
Endothelial cells (ECs) are important for the homeostasis of the vasculature. They control vascular tone by producing vasorelaxing substances and prevent thrombosis by controlling the coagulant status [1] [2] [3] [4] . They also control vascular permeability and are involved in angiogenesis [5, 6] . Important for the modulation of these functions are the changes in cytosolic Ca 2+ concentration ([Ca   2+ ] i ), which can be elicited by a variety of biological and pharmacological stimuli. Agonists of G-protein-coupled receptors such as bradykinin (BK) and histamine, or inhibitors of the endoplasmic reticulum Ca 2+ -ATPase such as thapsigargin (TG) and cyclopiazonic acid, decrease the content of intracellular Ca 2+ stores, thereby stimulating Ca 2+ entry from the extracellular milieu by an as yet incompletely understood mechanism [7, 8] . This Ca 2+ entry, phenomenologically termed capacitative Ca 2+ entry or storeoperated Ca 2+ entry (SOCE), is now considered the main Ca 2+ entry mechanism in ECs and many other non-excitable cell types [9] . Deregulations of SOCE may lead to severe endothelial dysfunctions, which may constitute key events in the development of various cardiovascular diseases [10] . Akt, or protein kinase B, a serine/threonine kinase downstream of phosphatidylinositol 3-kinase (PI3 kinase), is involved in several important functions of the endothelium. This enzyme, itself phosphorylated and activated by a number of growth factors, cytokines and hormones in a PI3 kinasedependent manner [11, 12] , phosphorylates apoptosis effectors such as Bad, Forkhead transcription factors and IKKα [13] [14] [15] [16] [17] [18] [19] , thereby enhancing cell survival. It is also involved in the regulation of endothelial cell migration capability, a property essential for angiogenesis [20] [21] [22] . In addition, Akt is important for the regulation of nitric oxide (NO) production by phosphorylating endothelial nitric oxide synthase (eNOS) at Ser1177 [23, 24] 
Materials and methods

Cell culture
PAECs were isolated and cultured, as previously described [26] , by gently scraping the intima of the descending part of porcine aortas. After centrifugation at 250 × g for 10 min in Medium 199 (M-199), the pellet of endothelial cells was purified from this suspension, resuspended in M-199 medium with Earle's salts, and supplemented with 100 IU/ml penicillin G, 100 µM streptomycin, and 20% newborn calf serum (NCS). Cells were then seeded onto culture dishes or polybiphenyl dishes fixed on glass coverslips, and incubated at 37°C in 5% CO 2 . Cells were used for 1-2 passages.
Adenoviral infection of PAECs
Recombinant adenoviruses expressing β-galactosidase (β-gal) and dnAkt were infected as previously described [27] into PAECs with a multiplicity of 150. In preliminary experiments with the β-gal-encoding virus, these conditions proved to be optimal, with a transfection efficiency of 90%.
Measurement of cytosolic Ca
[Ca 2+ ] i was measured in individual endothelial cells as described previously [28, 29] . Cells were incubated for 45 minutes in a modified Tyrode's solution (pH 7.4 at 25°C) containing NaCl (150 mM), KCl (2.7 mM), KH 2 PO 4 (1.2 mM), MgSO 4 (1.2 mM), CaCl 2 (1.0 mM) and HEPES (10 mM) with 10% NCS and 2 µM fura-2/AM, a fluorescence Ca 2+ indicator. The cells were subsequently washed 3 times with the modified Tyrode's solution to remove the dye. Experiments were performed at 25°C. The fura-2 absorption shift that occurs upon binding was determined by scanning the excitation spectra between 340 and 380 nm while monitoring emission at 510 nm. The resultant fluorescence images were analyzed every 30 sec from the individual cells with a fluorescence analyzer (Argus 50, Hamamatsu Photonics, Japan) using an ultra high-sensitivity television camera (CCD). The fluorescence ratio (F340/F380) was obtained by dividing, after background subtraction, the 340-nm by the 380-nm images on a pixel-by-pixel basis. Bradykinin (BK), thapsigargin (TG), LY294002 and wortmannin have no effect on fura-2 fluorescence or on autofluorescence of unloaded cells at the concentrations used in this study. Infection of adenoviruses expressing dnAkt or β-gal does not affect fura-2 fluorescence or autofluorescence of unloaded cells.
Western blotting
After incubation with or without PI3 kinase inhibitors, cells were washed with ice-cold phosphate-buffered saline and incubated for 30 min on ice in a buffer containing Tris HCl (pH 7.4, 20 mM), NaCl (150 mM), EDTA (1 mM), EGTA (1 mM), sodium pyrophosphate (2.5 mM), β-glycerophosphate (1 mM), Na 3 VO 4 (1 mM), leupeptin (1 µg/ml), phenylmethylsulfonyl fluoride (1 mM), Triton X-100 (1% vol/vol). Cells were harvested by scraping and centrifuged 12000 × g at 4°C for 15 min. Supernatants were collected and heated with SDS sample buffer, separated by 10% SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane. After blocking in Tris-buffered saline (10 mM Tris, pH 7.5, 100 mM NaCl) containing Tween 20 (0.1% vol/vol), and non-fat dry milk (1% vol/vol) for 1 h, the membrane was probed with phospho-specific antibody recognizing Ser473 Akt (1:250), Ser1177 eNOS (1:250), antibody against Akt (1:250) or eNOS (1:500) for 8 h at 4°C. Proteins bound to primary antibodies were probed with secondary antibodies (1:5000 for 1 h at room temperature) conjugated with horseradish peroxidase and visualized by enhanced chemiluminescence using a commercially available kit (Amersham Biosciences, Buckinghamshire, UK).
Materials
M199, NCS, penicillin and streptomycin were purchased from Invitrogen Corp. (Carlsbad, CA, USA). Fura-2/AM was obtained from Dojindo (Kumamoto, Japan). BK, TG, wortmannin and LY294002 were purchased from Sigma (St. Louis, MO, USA). Phospho-specific antibodies recognizing Ser473 Akt and Ser1177 eNOS and antibody against Akt were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibody against eNOS was purchased from BD Transduction Laboratories (San Jose, CA, USA). BK, TG, wortmannin and LY294002 were dissolved and stored as stock solutions in 1% dimethyl sulfoxide and diluted to the desired concen-trations in solutions indicated for each experiment. All other chemicals were of the best available quality, mostly at analytical grades.
Statistical analysis
Data are expressed as means ± S.D. Statistical analysis was performed using Student's t-test for unpaired data, one-way analysis of variance (ANOVA) followed by a Bonferroni ttest, or ANOVA for repeated measurements where appropriate. Differences with p < 0.05 were considered statistically significant. All experiments were repeated at least three times.
Results
Effects of LY294002 and wortmannin on Akt and eNOS phosphorylation in endothelial cells
To confirm the inhibitory effects of LY294002 and wortmannin on PI3 kinase/Akt, we have examined the effects of these compounds on Akt and eNOS phosphorylation in PAECs. Under basal conditions, both Akt and eNOS are phosphorylated (Fig. 1) . This phosphorylation was substantially diminished by pretreatment of PAECs with LY294002 (50 µM) for 10 min or with wortmannin (100 nM) for 30 min.
Effects of LY294002 on agonist-stimulated Ca 2+ responses in endothelial cells
LY294002 is widely used as a PI3 kinase inhibitor [30] and has been shown to inhibit the activity of Akt, a key downstream kinase of PI3 kinase [31] . We firstly determined the effects of LY294002 on agonist-stimulated Ca 2+ responses in PAECs.
TG-stimulated Ca 2+ response is biphasic, consisting of a small and slightly delayed increase, followed by a plateau phase. The initial increase reflects the Ca 2+ leak from intracellular stores independently of inositol triphosphate (IP 3 ), whereas the plateau phase is due to the influx of Ca 2+ from the extracellular space [32, 33] . In the presence of 1 mM extracellular Ca 2+ , TG (1 µM) induces a slightly delayed but sustained increase in [Ca 2+ ] i , F340/F380 ratios of 0.63 ± 0.08 under resting conditions to 4.66 ± 0.15 and 4.22 ± 0.12 after 3.5 and 5.5 min, respectively, of TG application (open circles, Fig. 2A ). Pretreatment with LY294002 significantly inhibits the increase in [Ca 2+ ] i caused by TG (F340/F380 ratios of 1.13 ± 0.04 and 0.95 ± 0.03 after 3.5 and 5.5 min, respectively, of TG application) (closed circles, Fig. 2A ). The inhibition of TG-stimulated Ca 2+ response in PAECs by LY294002 is dose-dependent: peak F340/F380 values are 3.65 ± 0.14, 3.27 ± 0.15, 1.93 ± 0.14, and 1.13 ± 0.04 at LY294002 concentrations of 1, 5, 10 and 50 µM, respectively) (Fig. 2B) .
BK, a physiological agonist, stimulated Ca 2+ response in ECs, which is also biphasic, consisting of a rapid initial peak, followed by a plateau phase. The initial peak reflects, at least in part, the release of Ca 2+ from intracellular stores, whereas the plateau phase is due to the influx of Ca 2+ from the extracellular space [7, 34] . BK (10 nM) triggers a rapid increase in [Ca 
Effects of wortmannin on TG-and BK-stimulated Ca
2+ signals
As shown by typical recordings in Figs 4A and 4B, in contrast with LY294002, wortmannin (100 nM), another inhibitor of PI3 kinase, has no effect on TG-stimulated Ca at 30 sec after the addition of BK, in the absence or presence of LY294002, respectively, n = 28) (Fig. 3B) . However, as with TG-stimulated SOCE, BK-stimulated SOCE is completely inhibited by pretreatment with LY294002; peak F340/ 4.89 ± 0.64 in cells pretreated with wortmannin (n = 28). Nor does the compound affect BK-stimulated Ca 2+ response: F340/F380 ratio of 4.40 ± 0.14 in control cells vs. 4.47 ± 0.12 in cells pretreated with wortmannin (n = 28).
Agonist-stimulated Ca 2+ responses in PAECs expressing a dominant-negative Akt
Puzzled by the discordant effects of the two pharmacological inhibitors of Akt on SOCE, we have used a different approach to establish if Akt is involved in the regulation of SOCE in endothelial cells. Thus, PAECs were infected with adenoviruses expressing dnAkt or β-gal (as a control), and compared TG-and BK-stimulated Ca 2+ signals in these cells. Expression of dnAkt in transfected PAECs was determined by Western blot analysis. Both Akt and eNOS were basally phosphorylated in β-gal-transfected cells, though neither of the enzymes was phosphorylated in dnAkt-transfected cells without any influence on total Akt and eNOS expression (data not shown).
No difference in basal Ca 2+ level is seen between cells expressing β-gal or dnAkt (β-gal: 0.60 ± 0.01 vs. dnAkt: 0.59 ± 0.02). As shown in during the plateau phase of SOCE) (Fig. 5A) . BK-stimulated Ca 2+ responses were also similar between β-gal-and dnAkttransfected cells (β-gal: 4.50 ± 0.13 vs. dnAkt: 4.64 ± 0.14 in peak phase; β-gal: 4.54 ± 0.14 vs. dnAkt: 4.61 ± 0.17 in plateau phase) (Fig. 5B) .
Discussion
We observed that Akt is phosphorylated in PAECs under resting conditions. This is consistent with previous findings that Akt is basally phosphorylated and active in unstimulated PAECs [35] . Phosphorylation of Akt is known to be essential for its activation [11, 12] . In the present study, Akt phosphorylation is almost completely blocked by LY294002 and wortmannin, inhibitors of PI3 kinase, an upstream enzyme of Akt. Furthermore, these inhibitors also completely block the phosphorylation at Ser1177 of eNOS, a downstream target of Akt. These results confirm that Akt is active in unstimulated PAECs and that Akt activity depends on PI3 kinase.
In this study, the role of Akt was examined on TG-and BKstimulated Ca 2+ responses in endothelial cells using two approaches: pharmacological inhibition with LY294002 and wortmannin, and over-expression of dnAkt. LY294002, a widely used PI3 kinase/Akt inhibitor [30, 31] . These findings strongly suggest that LY294002 inhibits the entry of Ca 2+ from the extracellular space rather than the mobilization of Ca 2+ from intracellular stores. In endothelial cells, as in many other cell types, it is generally accepted that the state of filling of intracellular Ca 2+ stores controls the Ca 2+ entry pathway, so called SOCE. The present results are consistent with previous observations that LY294002 reduces SOCE at concentrations of 10-100 µM in human platelets [36] . Although the mechanism responsible for the effect of LY294002 on SOCE is not clear, a mediator which links the depletion of intracellular Ca 2+ stores to the activation of the plasma membrane Ca 2+ permeability appears to require phosphorylation to maintain its activity. It has been shown that an inhibition of tyrosine phosphorylation by different tyrosine kinase inhibitors like herbimycin A, genistein and piceatannol attenuate agonist-stimulated Ca 2+ entry into endothelial cells [37, 38] . We also previously reported that an inhibition of myosin light chain kinase (MLCK) using different MLCK inhibitors or MLCK antisense oligonucleotides strongly prevented TG-and BK-stimulated SOCE [28, 29, 39] . In this regard, it may be possible that LY294002 can block TG-and BK-stimulated SOCE through the inhibition of MLCK, because LY294002 also inhibits MLCK by 40% at 100 µM [40] . However, since the inhibitory effect of LY294002 for Ca 2+ response was obtained at much lower concentration (1 µM) than IC 50 for MLCK (> 100 µM), it may be ruled out the possibility that the blockade of MLCK activity accounts for the inhibition of SOCE by low dose LY294002 in PAECs. We cannot exclude the possibility that LY294002 has unknown character to modulate phosphorylation status that control the plasma membrane Ca 2+ entry pathway. A previous study using astrocytoma cells showed that PI3 kinase and Akt activation is sensitive to Ca 2+ [41] . It is also well accepted that Ca 2+ /calmodulin-dependent protein kinase kinase (CaM-K kinase) activates Akt in a Ca 2+ -dependent manner [25] . In NG108 neuroblastoma cells Ca
2+
-mobilizing agonists such as N-methyl-D-aspartate activate Akt, which can be blocked by an addition of EGTA (20 mM) or co-transfection with a dominant-negative CaM-K kinase. Therefore, it is possible that Ca 2+ response including SOCE locates upstream of PI3 kinase/Akt pathway. However, it is controversial whether the activation of PI3 kinase/Akt pathway requires Ca 2+ in endothelial cells. The most important endothelial function controlled by both Ca 2+ signaling and Akt pathway is NO production. Fluid shear stress activates eNOS via Akt pathway [23] , and that is physiologically essential to regulate continuous NO formation and appropriate blood flow. In addition, serum is a potent activator of Akt [23] , the fact is consistent with our results showing that eNOS was phosphorylated even at the basal condition with serum-contained medium in PI3 kinase/Akt inhibitorsensitive manner. Thus eNOS may be active and release NO to a certain extent under physiological conditions via PI3 kinase/Akt signaling pathway. Various agonists such as BK and shear stress cause the large increase of NO production following the elevation of [Ca 2+ ] i [29] . Agonist-induced eNOS activation has been shown to be highly sensitive to the extracellular Ca 2+ [42] . On the other hand, Akt-mediated NO production is insensitive to an increase in [Ca 2+ ] i in fluid shear stress-stimulated endothelial cells [23] . Moreover, we demonstrated that Akt activity did not influence agoniststimulated Ca 2+ responses in endothelial cells. Thus Akt may be important to maintain basal NO production, but little ac-count for agonist-induced eNOS activation and NO production.
In conclusion, we have demonstrated that Akt inhibition does not influence Ca 2+ signaling in endothelial cells. Our data also indicate that LY294002 might influence endothelial cell functions by inhibiting SOCE independently of its effect to inhibit PI3 kinase/Akt pathway and suggest that care should be taken in studies in which this compound is used.
